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ABSTRACT:
Here, the problem of mode coupling in a mixed layer (ML) surface duct is considered where the coupling is induced
by deterministic upper ocean features such as eddies, filaments, and/or density compensated temperature and salinity
anomalies (spice). The single scatter Dyson series solution for mode energy is used to define a non-dimensional
mode interaction parameter Cmn that quantifies the strength of coupling between modes m and n as a function of
environmental factors and frequency. Direct coupled mode simulations at 400 and 1000 Hz show weak, first order
coupling and small ML transmission loss (TL) variability when Cmn < 1, while for Cmn > 1, there is strong, higher
order coupling with large changes in ML TL. Importantly, there is a frequency dependent resonance condition asso-
ciated with the range width of the perturbations, D, such that Cmn ! 0 as D! 0 and1.
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I. INTRODUCTION
This work introduces a mode-based, dimensionless met-
ric that can be used to predict ocean mixed layer duct
(MLD) transmission loss (TL) variability in the presence of
deterministic sound-speed anomalies such as those
described in Colosi and Rudnick (2020). Here, we adopt the
Dyson series approach, which has been successfully used to
describe mode coupling through shallow-water internal soli-
tary waves (Colosi, 2008; Yang, 2014). First order theory
for the mode energy change reveals a dimensionless positive
definite matrix Cmn, which is a function of acoustic fre-
quency, background sound-speed profile, and upper ocean
perturbation environmental parameters and determines the
mode coupling interaction strength between modes n and m.
When Cmn < 1, coupling is weak, while for Cmn > 1, cou-
pling is strong. Direct coupled mode numerical simulations
at 400 and 1000 Hz demonstrate the utility of this metric in
predicting TL variability in an ocean MLD. The simulations
have source depths both in and below the ML, and they use
two upper ocean environmental models, one typical of a
cold eddy and another typical of a warm/salty spice anomaly
(Colosi and Rudnick, 2020). A resonance condition in the
theory gives important insight into the acoustic sensitivity
to the horizontal scale of the perturbation, D, such that
Cmn ! 0 as D! 0 and 1. This means for a given fre-
quency, there is a D that gives maximum Cmn and thus maxi-
mum mode coupling.
The situation of MLD propagation is treated here as a
first step toward predicting duct stability because typically
these ducts only support a few propagating modes at fre-
quencies between a few hundred and a few thousand hertz.
This means the TL in the duct can more easily be connected
to the TL of the small number of individual propagating
modes. In this work, MLDs are addressed, but there is
no reason the results cannot be adapted to other surface
ducts, such as the halocline ducts in the Arctic. It is also
envisioned that this approach could be useful for secondary
ducts, e.g., in the North Atlantic (Zinicola-Lapin, 2020)
and the Beaufort duct in the Arctic (Duda et al., 2021;
Kucukosmanoglu et al., 2021).
The paper is organized as follows. In Sec. II, the deriva-
tion of the interaction parameter Cmn is sketched out, and
numerical examples that will be presented are described. In
Sec. III, the results of the numerical simulations are dis-
cussed, and it is shown how Cmn predicts the stability of
MLD TL. Section IV has a summary and conclusions.
II. ACOUSTIC COUPLED MODES
A. The Dyson series
Here, the theoretical approach is briefly described in an
effort to make the paper more self-contained. An extensive
exposition can be found in Colosi (2016). Several standard
definitions follow. Writing the sound-speed field as the sum
of a background profile !cðzÞ plus a perturbation dcðr; zÞ, the







Here, /nðzÞ and kn are the eigenmodes and eigenwavenum-
bers of the unperturbed problem (dc ¼ 0), and the mode
amplitudes are determined by the one-way coupled mode
equationsa)Electronic mail: jacolosi@nps.edu, ORCID: 0000-0003-3817-8798.








The demodulated mode amplitude is ânðrÞ ¼ anðrÞe$ilnr, the
complex modal wavenumber is given by ln ¼ kn þ ian, and
lmn ¼ lm $ ln. The coupling matrix for the volumetric









l ðr; zÞ dz; (3)
where q0 ¼ x=c0 is a typical acoustic wavenumber,
l ðr; zÞ ¼ dcðr; zÞ=c0, and q 0ðzÞ is the background density
profile.
Under the assumption that the coupling matrix is small
(e.g., jdcj=c0 & 1), Eq. (2) can be solved by iteration in
ascending orders of qmn: This is the Dyson series that is
closely linked to the time-ordered exponential of quantum
mechanics (Sakurai, 1985). The zeroth order solution is the
plane wave, anðrÞ ¼ anð0Þeilnr. To find the first order solu-
tion, the zeroth order solution is plugged into the right-hand
side of Eq. (2), and then integration over r is carried out.
This gives











$ikrdk, allows great simplifica-
tion of the integral equation, namely














âmð0Þq̂ mnðk¼ kmnÞ: (5)
The last line follows from the assumption that the attenua-
tion is small (e.g., an & kn) and that the limits of the range
integral can be taken from minus to plus infinity there by
giving a delta function, 2pdðk ¼ kmnÞ. The beat wavenum-
ber is kmn ¼ km $ kn. Equation (5) will be used to obtain an
expression for the mode energy, namely janðRÞj2 ¼ ana'nðRÞ.
Now the deterministic sound-speed perturbation model
is introduced. A factorized form is assumed, given by





where dc0 is a perturbation strength, wðzÞ is a unit maximum
depth function, and r0 and D give the position and range width
of the feature. The Gaussian form is used for analytic simplic-
ity; however, other forms could be easily used instead, requir-
ing numerical evaluation. It has been shown that the first order
change in mode energy for propagation through this perturba-



























Here, Amn ¼ amð0Þanð0Þ is a matrix of the initial mode ampli-
tudes. It is seen that the influence of the perturbation depth/
range structure is contained in the matrices Zmn and Xmn,
respectively. The horizontal dependence is particularly clear
where Xmn goes to zero for both large and small D, giving a D
that leads to maximum coupling. One should also note that
there is the sine term in Eq. (7) that takes into account the rela-
tive phases of the modes at the center of the perturbation.
Consider the positive definite, dimensionless quantity
Cmn written
Cmn ¼ jZmnjXmn; (10)
which is given the name the interaction parameter. This quan-
tity is closely related to the b parameter (not the waveguide
invariant) defined by Yang (2014). Note that Cmn is symmet-
ric, is independent of source depth, and is only a function of
the acoustic frequency, the background sound-speed profile,
and the strength and spatial scales of the perturbation
[dc0; wðzÞ, and D]. Suppose there is a mixed layer mode with
a waveguide mode index m̂. Turning to Eq. (7) for the mode
energy change, the single scattering approximation requires
that the second term be small compared to the first, i.e.,
Cm̂n & 1. It is therefore reasonable to assert that a rough
requirement for multiple scattering and strong acoustic vari-
ability is that Cm̂n > 1, though the choice of a threshold value
of 1 is rather arbitrary (but consistent with numerical simula-
tions). In cases presented in this paper for mixed layer modes,
it is found that 0:01 < Cm̂n < 100, a variation of 4 orders of
magnitude. The dependence on frequency and ocean scales is
key here. As empirically shown by Zhou et al. (1991) for
internal solitary waves, there is a mode coupling maximum
when (1) frequency is fixed and D is varied and (2) D is fixed
and frequency is varied. This effect is seen explicitly in the
interaction parameter through the matrix, Xm̂n, which has a
maximum when D2 ¼ 2=k2m̂n. Note that km̂n is set by the
background sound-speed profile, so mode coupling behavior
for a given D will change as the profile changes.
B. Numerical simulations
Adopting the methods described by Dozier and Tappert
(1978), direct numerical simulations at 400 and 1000 Hz are
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carried out using Eq. (2). Because the focus here is on cou-
pled mode physics, the attenuation factors in Eq. (2) are
taken to be zero, i.e., an ¼ 0. For an example background
sound-speed profile, a 250-km average from Colosi and
Rudnick (2020) (Fig. 1) is used, where the ML depth1 is
h¼ 78.5 m and the average MLD gradient is 0.0174 s$1.
This yields ML mode cutoff frequencies for modes 1–4 of
252, 588, 924, and 1260 Hz (Colosi and Rudnick, 2020). For
this profile, there are one/three trapped modes at 400/
1000 Hz, respectively (Fig. 1). A North Atlantic profile typi-
cal of the region south of Iceland with a deep and secondary
duct has also been treated (Zinicola-Lapin, 2020).
Two different perturbation cases are considered based
upon the observations of Colosi and Rudnick (2020).
Perturbation A is the result of vertical displacements lifting
the isopycnals up toward the ocean surface, thereby thinning
the ML. A realistic example in the ocean is a cold eddy. The
depth structure of the vertical displacement at the center of









where f0 is the maximum vertical displacement, Dz sets the





normalization factor. This yields an upper ocean intensified
feature. The sound-speed perturbation is computed using the
nonlinear equation
dcðz þ f; r ¼ r0Þ ¼ dc0wðzÞ ¼ !cðz þ fÞ $ !cðzÞ þ caf½ );
(12)
where ca ¼ 0:016 s$1 is the adiabatic sound-speed gradient.
The second term in the square brackets is identified as the
sound speed of a resting parcel at depth z after it has been
adiabatically lifted to a new depth, z þ f.2 Last, the total
sound-speed perturbation as a function of both depth and
range is obtained by plugging Eq. (12) into Eq. (6). For this
case, the parameters are f0 ¼ 30-m, Dz¼ 120-m, r0 ¼ 40-
km, and the mode propagation is carried out to 120-km
range with a variety of D’s from 0.25 to 21-km.3 The result-
ing perturbed sound-speed profile and the dc profile at r¼ r0
are shown in Fig. 1, lower left. At the center of the perturba-
tion, the ML is thinned to h ¼ 48-m, the sound-speed gradi-
ent is increased to 0.0194 s$1, and the cutoff frequencies for
modes 1–4 rise to 500, 1160, 1830, and 2500 Hz. At 400 Hz,
FIG. 1. The upper panels show the ML trapped modes at 400 Hz (left) and 1000 Hz (right) for the unperturbed sound-speed profile (lower panels, dark
curve). At 400 Hz, ML mode 1 corresponds to m̂ ¼ 236, and at 1000 Hz, ML modes 1–3 correspond to m̂ ¼ 577, 588, and 598. The lower panels show
sound-speed perturbations at r¼ r0 originating due to vertical lifting of the isopycnals (left, perturbation A) and a perturbation caused by an upper ocean
warm feature (right, perturbation B). The unperturbed profile is the dark curve in both panels. The total water depth for our study is 4000-m, but only the
upper ocean is shown here.
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mode 1 is below the cutoff frequency, so high TL is
expected in the MLD. On the other hand, at 1000 Hz, only
mode 1 is below the cutoff frequency, and modes 2 and 3
will be expected to have high TL.
Perturbation B, on the other hand, models an upper
ocean warm feature with no tilting of the isopycnals such as
might occur when there are strong warm and salty spice
anomalies (Colosi and Rudnick, 2020). This is written
dcðz; r ¼ r0Þ ¼ dc0wðzÞ ¼
dc0
2





where the parameters are dc0 ¼ 2 m/s, z0 ¼ 2:5h; r0
¼ 50-km, and the mode propagation is carried out to 120-km
range with a variety of D’s from 0.25 to 27-km.4 The resulting
perturbed sound-speed profile and the dc profile at r¼ r0 are
shown in Fig. 1, lower right. At the center of the perturbation,
the ML depth is nearly unchanged at h ¼ 77.5-m, but the
sound-speed gradient is decreased to 0.0164 s$1. The cutoff
frequencies for modes 1–4 are therefore very similar to the
unperturbed case, i.e., 264, 617, 969, and 1320 Hz.
The case of perturbation A, in which the ML is thinned,
represents a blocking feature (Colosi and Rudnick, 2020)
where sound can be scattered out of the ML because of the
reduction in h. For the simulations here, it is chosen to place
a point source in the ML at 40-m depth, roughly near the
maximum for ML mode 1 at 400 Hz and ML mode 2 at
1000 Hz (Figs. 1 and 2, upper panels). Case B represents an
increase in upper ocean sound speed, thereby allowing
acoustic energy to be refracted horizontally and thus enter
the ML duct from below (Colosi and Rudnick, 2020). For
these simulations, the point source is placed 50-m below the
duct at 130-m depth. Note that at 400 Hz, ML mode 1 has a
significant initial mode excitation for both source depths
(Fig. 2, left panels), because there is a lot of diffraction out
of the MLD (Fig. 1). At 1000 Hz, however, there is consid-
erably more variation of mode excitations for the two source
depths. For mode 1, there is adequate excitation for a 40-m
source but nearly zero for the 130-m source due to very
weak diffraction out of the MLD. Mode 2 has a very strong
excitation at 40-m and moderate excitation at 130-m, while
mode 3 has moderate excitation for both. Because the focus
of this work is on the impacts of mode coupling on ML TL,
the behavior of weakly excited modes will not be analyzed.
Note that this case is anomalous, as Eq. (7) shows higher
order coupling is needed to move energy into a mode whose
initial energy is low.
FIG. 2. Upper panels: Case A, mode excitation energy (janð0Þj2 ¼ j/nðzsÞ=q 0ðzsÞj
2) for a point source depth (zs) of 40-m at 400 and 1000 Hz (left/right,
respectively). Lower panels: Case B, mode excitation energy for a point source depth (zs) of 130-m at 400 and 1000 Hz (left/right, respectively) Open circles
show the ML modes.
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III. RESULTS
In this section, 400 and 1000 Hz numerical simulation
results for the two different perturbation cases are presented,
and the modal loss variability of the mixed layer modes, m̂,
is compared with computed values of Cm̂n as a function of
D. Modal loss for a given D is defined in terms of the range
dependent mode amplitude, am̂ðrÞ, as





FIG. 3. Examples of perturbation case A, TL simulations at 400 (left pair) and 1000 (right pair) Hz. The source depth is 40-m, the feature is located at
r0¼ 40 km, and the feature width D ¼ 11 km. In each pair, the upper is perturbed and the lower is unperturbed.
FIG. 4. Upper panels show direct numerical simulation [Eq. (2)] of 400 Hz (left) and 1000 Hz (right) ML mode 1 loss for a point source at 40-m depth (mid-
dle of the ML) and with perturbation A centered at r0¼ 40 km. The different curves in each panel correspond to different D’s between 0.5 and 21 km (see
Sec. II B), and the bold line is for D¼ 11 km (see Fig. 3). The lower panels show log10ðCm̂nÞ for ML mode 1 (white line; m̂ ¼ 236 and 577) as a function of
its near neighbor mode numbers (y axis) and various D’s from 0.1 to 50 km.
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so that a positive/negative loss means the mode has lost/
gained energy.
A. Case A
Examples of perturbed and unperturbed upper ocean
full field TL at the two different frequencies with the source
at 40-m depth are shown in Fig. 3. Regarding the unper-
turbed field at 400 Hz, a strong ML mode 1 is evident with
low TL, and there is strong diffractive leakage into the
shadow zone below the ML (Fig. 1). At 1000 Hz, the ML
TL is dominated by mode 2, and there is much less diffrac-
tive leakage into the shadow zone (Fig. 1). In both cases, a
convergence zone (CZ) sound path is seen with an approxi-
mate convergence range of 55-km. When the perturbation is
added, both frequencies show energy being coupled out of
the ML into a new CZ path. This is because the perturbation
raises the 400 Hz mode 1 cutoff frequency to 500 Hz and the
1000 Hz mode 2 cutoff frequency to 1160 Hz. At 400 Hz, a
strong shadow zone is created on the far side of the feature,
and at 1000 Hz ML, mode 1 is readily apparent after mode 2
was stripped away. This particular perturbation produces
changes in TL in the ML and the shadow zone on the order
of 10–20 dB. There are also 10–20 dB changes in the CZ
path mostly due to shifting of the interference pattern, but
this is not the topic of the present analysis.
Some examples of the range evolution of ML mode 1
loss from the simulations are shown in the upper panels of
Fig. 4. Plateau regions in the upper panels are where there is
no perturbation. Note that for 400 Hz, the loss is entirely
positive. For the smallest D’s (less than 3-km), there is small
loss, while for the larger D’s, the loss can be up to 20 dB.
For the 400 Hz case corresponding to Fig. 3, the mode 1 loss
is seen to plateau close to 10 dB; however, for larger D’s,
some recovery of the loss is seen on the descending side of
the feature. On the other hand, for 1000 Hz, the mode 1 loss
is seen to be quite small, only a few dB, though there is
more variability across the features.
So the question is what information can Cmn provide in
these cases. In the lower panels of Fig. 4 are 400 and
1000 Hz calculations of ML-mode 1 Cm̂n as a function of
near neighbor n and D. At 400 Hz, m̂ ¼ 236, and this mode
is seen to strongly interact with its nearest neighbor 235,
especially for larger D’s. Weaker but still significant interac-
tion is seen with modes 234, 237, and 238 for specific D
ranges. The peaked nature of Cm̂n as a function of D due to
the form of Xm̂n is clearly evident. Note also the asymmetry
of the mode interaction at small D’s: Modes greater than m̂
have weaker interactions but extend over a larger span of n,
while modes less than m̂ have stronger interactions but over
a more limited span of n. Importantly, for D * < 1-km,
Cm̂n < 1, mirroring what was seen in the 400 Hz loss calcu-
lation. At 1000 Hz, where m̂¼ 577, Cm̂n < 1 for all the D
values, again consistent with the low loss seen in the
simulations.
More insight is gained by plotting statistics of Lossm̂ðrÞ
and Max(Cm̂n) vs D (Fig. 5). Regarding the statistics, the
mean of Lossm̂ðrÞ is computed across the feature, i.e.,
r0 $ 2D < r < r0 þ 2D, and then two metrics of variability
are presented as error bars in the figures. The larger error
bar gives the max/min loss across the feature, while the
smaller error bar is the standard deviation around the mean,
again computed across the feature. The Max(Cm̂n) value is
obtained by fixing D and then finding the n that gives the
maximum. For example, for ML mode 1 at 400 Hz
(m̂ ¼ 236), the Max(Cm̂n) for D ¼ 0.25, 0.5, 1.0, and 3 km
and above are n ¼ 246, 245, 245, and 235. For this ML
mode, Max(Cm̂n) <1 for D < 3-km, and the mean mode loss
as well as its variability are seen to be small (Fig. 5).
However, as D rises from 3-km upward, Max(Cm̂n) climbs
over 1 and is driven by strong interaction with mode 235. In
this case, there is much larger mean mode loss and
FIG. 5. Statistics of mode 1 loss at 400 Hz (upper) and 1000 Hz (lower) for
the simulations described in Fig. 4. In the left-hand panels, as a function of
D, the mean mode 1 loss across the feature is displayed with two error bars,
one representing the root mean square (rms) across the feature (bold) and
another representing the maximum and minimum loss across the feature
(light). In the right-hand panels, the maximum Cm̂n value for ML mode 1 is
displayed as a function of D.
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variability. At 1000 Hz, Max(Cm̂n) <1 for all D’s, and corre-
spondingly, mean mode 1 loss and variability are small
(Fig. 5). The jump in the Max(Cm̂n) curve at 1000 Hz is due
to the max n changing as D changes (see Fig. 4, lower right).
At 1000, Hz there are two other ML modes of interest
that are interacting more strongly (Fig. 6). Here, the only
case where Max(Cm̂n) <1 is for D¼ 0.25-km. For mode 2,
large mean changes in loss are seen in addition to large vari-
ability, which is consistent with Fig. 3, where mode 2 is
seen to fall out of the ML, leaving mode 1. Mode 3, on the
other hand, shows relatively moderate change in mean loss
with big fluctuations both positive and negative (losing and
gaining energy). Plots of Cm̂n vs near neighbor mode and D
for these two modes are shown in Fig. 7. Here, it is seen that
there is strong mode interaction across a large number of
near neighbor modes (m̂610) as well as D’s. In contrast to
Fig. 4(a), a more symmetrical mode interaction pattern is
seen for modes above and below m̂. Here, it should be
remembered that the loss results will depend on the source
depth, so a limitation of the information content of Cm̂n is
encountered. Namely, Cm̂n gives us an indication of the pos-
sibility of mode coupling and therefore changes in ML TL,
but it does not give any quantitative details of the nature of
that variability, especially when Cm̂n > 1 and there is strong
multiple scattering.
B. Case B
Examples of perturbed and unperturbed upper ocean
full field TL at the two different frequencies with the source
at 130-m depth are shown in Fig. 8. Regarding the unper-
turbed fields at 400 Hz, a moderate ML mode 1 is seen,
while at 1000 Hz, the primary ML modes are 2 and 3
(Fig. 2). In both these cases, energy is in these ML modes
due to diffractive excitation (Fig. 1). Unlike the case in
which the source is in the ML, both frequencies show a deep
shadow zone between the CZ sound paths, which in this
case have a convergence range of roughly 52-km. In both
cases, when the perturbation is added roughly at the CZ
FIG. 7. The panels show 1000 Hz, log10ðCm̂nÞ for ML modes 2 (left) and 3 (right). The white line shows the ML mode numbers m̂¼ 588 and 598, and
log10ðCm̂nÞ is displayed as a function of its near neighbor mode numbers (y axis) and various D’s from 0.1 to 50 km.
FIG. 6. Same as Fig. 5 except results are shown for 1000 Hz ML modes 2
(upper) and 3 (lower).
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range (r0 ¼ 1 CZ), energy is seen to be coupled into the ML
from the CZ path.
The range evolution of the ML mode energies in case B is
quite different from in case A (Fig. 9, upper panels). Again,
plateau regions in the upper panels are where there is no per-
turbation. Here, mode 1 is shown for 400 Hz, but at 1000 Hz,
mode 3 is shown, since mode 1 gets very little excitation for
this 130-m source depth (see Figs. 1 and 2). In this example,
mode loss is both positive and negative, and there is consider-
ably more range structure in the loss curves, which is indica-
tive of strong multiple scattering.5 Turning to the Cm̂n plots in
Fig. 9, very large values reaching near 100 are seen over a
wide range of D’s for nearest and more distant neighbor
modes. At both frequencies, the interaction pattern is more or
less symmetrical about m̂. The large Cm̂n values again are indi-
cating strong loss variability and strong multiple scattering.
FIG. 8. Examples of perturbation case B, TL simulations at 400 (left pair) and 1000 (right pair) Hz. The source depth is 130-m, the feature is located at
r0¼ 50 km, and the feature width is D ¼ 7 km. In each pair, the upper is perturbed and the lower is unperturbed.
FIG. 9. Upper panels show direct numerical simulation [Eq. (2)] of 400 Hz, ML mode 1 (left) and 1000 Hz, ML mode 3 (right) loss for a point source at
130-m depth and with perturbation B centered at r0¼ 60 km. The different curves in each panel correspond to different D’s between 0.5 and 27 km (see Sec.
II B), and the bold line is for D¼ 7 km (see Fig. 8). The lower panels show log10ðCm̂nÞ for 400 Hz ML mode 1 (white line; m̂ ¼ 236) and 1000 Hz ML mode
3 (white line; m̂¼ 598) as a function of its near neighbor mode numbers (y axis), and various D’s from 0.1 to 50 km.
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Last, there are the comparisons of ML mode loss as a
function of D and the Max(Cm̂n) values (Fig. 10). At 400 Hz,
the two smallest D’s of 0.25 and 0.5 km have Max(Cm̂n)
values of 0.54 and 1.10 and small TL variability. For the
remainder of the D’s, the variability and the Max(Cm̂n)
values increase greatly, consistent with strong mode
coupling. Looking at 1000 Hz, ML mode 3, the two smallest
D’s have Max(Cm̂n) values of 1.72 and 3.43 but show rela-
tively smaller fluctuations. This result serves as a reminder
that the Max(Cm̂n)> 1 threshold is not a rigorous boundary.
However, the variability for mode 3 increases precipitously
for D + 1 km, again consistent with strong mode coupling.
Unlike case A, ML mode loss is both positive and negative.
Here, the Max(Cm̂n) values peak at very high levels, espe-
cially for mode 3. It should also be noted that there is not a
monotonic relationship between Max(Cm̂n) values and loss
variability, i.e., once strong multiple scattering sets in, the
fluctuations cannot grow without bound. There are some
modal multipath saturation phenomena (Colosi, 2016).
IV. SUMMARY AND CONCLUSIONS
In this work, a non-dimensional mode interaction
parameter Cmn has been defined, and the boundary between
weak mode coupling and TL variability and strong mode
coupling and TL variability loosely is associated with Cmn
values less than and greater than 1, respectively. Direct
numerical simulations at 400 and 1000 Hz for two different
classes of perturbations with source depths within and below
the ML are presented. These simulations largely support the
TL variability predictions based on Cmn being above or
below 1. The interaction parameter is a function of the back-
ground sound-speed profile, the strength of the perturbation,
the range and depth scales of the perturbation, and the
acoustic frequency. The background sound-speed profile
and the acoustic frequency set the resonant beat wavenum-
bers kmn. The beat wavenumbers in turn set the sensitivity to
the horizontal ocean scales if they overlap strongly with the
beat wavenumbers: A maximum occurs if D2 ¼ 2=k2mn. The
vertical scales of the ocean also enter but less transparently
through the matrix Zmn.
The interaction parameter is not a function of source
and/or receiver depth and is therefore limited in what it can
quantitatively predict about TL levels. It simply gives infor-
mation concerning ML mode stability given a variety of
possible source/receiver orientations. The approach is
expected to be most useful when there is a duct that only
supports a few modes, such as the ML example worked out
here. This approach could potentially be applied to secondary
duct propagation, such as exists in the North Atlantic, and to
Arctic surface and subsurface ducts (e.g., the Beaufort duct).
This paper is a first step forward.
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